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Type I (/) and type II (y) interferons (IFNs) bind to distinct receptors, although they activate the same signal transducer
and activator of transcription, Statl, raising the question of how signal specificity is maintained. Here, we have
characterized the sorting of IFN receptors (IFN-Rs) at the plasma membrane and the role it plays in IFN-dependent
signaling and biological activities. We show that both IFN-a and IFN-vy receptors are internalized by a classical clathrin- and
dynamin-dependent endocytic pathway. Although inhibition of clathrin-dependent endocytosis blocked the uptake of
IFN-a and IFN-y receptors, this inhibition only affected IFN-a-induced Statl and Stat2 signaling. Furthermore, the
antiviral and antiproliferative activities induced by IFN-a but not IFN-y were also affected. Finally, we show that, unlike
IFN-a receptors, activated IFN-y receptors rapidly become enriched in plasma membrane lipid microdomains. We
conclude that IFN-R compartmentalization at the plasma membrane, through clathrin-dependent endocytosis and lipid-
based microdomains, plays a critical role in the signaling and biological responses induced by IFNs and contributes to

establishing specificity within the Jak/Stat signaling pathway.

INTRODUCTION

Interferons (IFNs) play key roles in mediating innate and
acquired host immune responses against viral infections and
exhibit antiproliferative and tumoricidal activity (Stark et al.,
1998; Schindler and Brutsaert, 1999). Type I IFN genes en-
code IFN-«a (13 subtypes) and the structurally related IFN-,
IFN-k, IFN-w, and IFN-7. IEN-v is the only member of the
type II family and is structurally different from type I IFNS.
IFN-vy is encoded by a separate chromosomal locus but
shares several cellular effects of type I IFNs (Schroder et al.,
2003). Both types of IFN transmit their signal through spe-
cific binding to distinct cell membrane receptors. These are
the IFN-«/B receptor (IFNAR), composed of IFNAR1 and
IFNAR?2 subunits and the IFN-vy receptor (IFNGR), com-
posed of IFNGR1 and IFNGR2 subunits (Bach et al., 1997;
Mogensen et al., 1999). Although much is known about how
cells respond to IFNs, there is little information on the
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molecular characteristics of IFNAR and IFNGR endocytosis
and thus, on the role of IFN receptor (IFN-R) endocytosis in
IFN physiology.

Receptor endocytosis has classically been viewed as a
passive means for terminating signaling through lysosomal
degradation of activated receptor complexes after being in-
ternalized from the cell surface. However, Vieira et al. (1996)
demonstrated an active role for endocytosis through clath-
rin-coated pits in EGF-R signaling, and it has become in-
creasingly apparent that for several transducing receptors
endocytosis and signaling may be tightly coordinated
(Ceresa and Schmid, 2000; Di Fiore and De Camilli, 2001;
Sorkin and Von Zastrow, 2002). Endocytosis through clath-
rin-coated pits and vesicles has long been considered the
main endocytic process for transmembrane receptors in
mammalian cells (Brodsky et al., 2001). However, recent
studies have definitely established that alternative endocytic
routes exist, grouped under the generic term of clathrin-
independent endocytosis (Conner and Schmid, 2003). The
molecular details of these pathways are still poorly under-
stood, and their physiological roles in cells have yet to be
established (Johannes and Lamaze, 2002). Lately, clathrin-
independent endocytosis has been considered to occur
through cholesterol- and sphingolipid-enriched membrane
domains, that is, lipid rafts and caveolae (Parton, 2003).
Initially, lipid rafts have been defined biochemically as de-
tergent-resistant membrane microdomains (DRMs) that are
enriched in glycosphingolipids and cholesterol (Brown and
London, 2000). Therefore, the finding that IFNAR and IFNGR
were associated with membrane microdomains (Takaoka et al.,
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Figure 1. Plasma membrane compartmentalization and endocytosis of IFNGR1 complexes. (A) IFN-y stimulates IFENGR complexes
association with plasma membrane DRMs. Left, HeLaM cells were incubated at 4°C with '*I-GIR94, a nonneutralizing mAb against IFNGR1,
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2000) has suggested that IFN-R uptake may occur through a
raft-mediated process (Subramaniam and Johnson, 2002) as
described for the clathrin-independent internalization of the
interleukin-2 receptor (Lamaze et al., 2001).

Here, we have investigated the respective roles of mem-
brane microdomain association and clathrin-dependent en-
docytosis in the trafficking and signaling of the IFN-Rs. We
show that the efficient uptake of IFNAR and IFNGR com-
plexes occurs through classical clathrin- and dynamin-de-
pendent endocytosis. We also show that receptor binding
with IFN-vy only results in the rapid association of activated
IFNGR complexes with lipid microdomains of the plasma
membrane. Finally, we demonstrate that IFN-R endocytosis
is required for activating the transcription factor Statl and
for the biological responses induced by IFN-a but not IFN-.
Thus, the activation of Statl, a downstream effector common
to both IFN-a and IFN-v, is selectively controlled through
lipid microdomain association and clathrin-dependent en-
docytosis of the IFN-Rs. Altogether, our results show that
membrane compartmentalization and endocytosis of the
IFN-Rs play a critical, and previously unsuspected, role in
the specificity of IFN-induced signaling and biological ac-
tivity.

MATERIALS AND METHODS

Cell Culture and Transfection

HeLaM cells were maintained in Dulbecco’s modified Eagle’s essential me-
dium (DMEM) supplemented with 10% fetal bovine serum (FBS), and
L929R1R2 cells, murine fibroblasts stably expressing IFNAR1 and IFNAR2,
were cultured as described (Cajean-Feroldi et al., 2004). Dynamin-HeLa cells
conditionally expressing the K44A mutated form of dynamin-1 were cultured
in DMEM with 10% fetal calf serum, 1% L-glutamine, 400 wg/ml geneticin,
200 ng/ml puromycin, and 1% penicillin/streptomycin. Dynamin-HeLa cells
were routinely grown in the presence of 1 ug/ml tetracycline. For expression
of the dominant negative K44A mutant, cells were grown in the absence of
tetracycline for 48 h (Dambke et al., 1994). For transient transfections, cells were
grown on glass coverslips, transfected using FuGene (Roche, Meylan, France)
or the Calcium Phosphate kit (Invitrogen, Carlsbad, CA), and processed 24 h
later for fluorescent microscopy analysis.

Figure 1 (cont). before treatment with (M) or without ([J) IFN-vy for
3 min at 37°C. DRMs were prepared, and the percentage of surface
IFNGRI1 subunits present in DRMs was measured by the amount of
radioactivity counted in pooled DRM fractions. GM1 was detected
by dot-blot with Cholera toxin-HRP. Right, HeLaM cells were in-
cubated with '»I-IFN-y for 3 min at 37°C, and sucrose gradient
fractionation was performed. The amount of '’I-IFN-vy present in
each fraction was expressed as the percentage over total cell surface
bound iodinated IFN-y. Results are representative of at least three
independent experiments. (B) Top, the cell surface distribution of
IFNGR1 subunits was visualized at 4°C by immunostaining of
HeLaM cells. Endocytosis of IFNGR1 was detected by visualizing
internalized antibody/IFNGR1 subunits complexes after an acid
wash. Right, confocal microscopy analysis of the colocalization of
internalized Cy5-Tf and IFNGR1-antibody-bound complexes. Bot-
tom, HeLaM cells were transfected with a plasmid encoding the
GFP-Eps15 mutant or with a plasmid encoding the GFP-dyn2 (ba)
K44A mutant. In transfected cells (arrows), both Tf and IFNGR1
uptake were inhibited. Scale bars 10 um. (C) Left, IFNGR1 endocy-
tosis was quantitatively measured in CHC RNAi-treated HeLaM
cells using avidin inaccessibility. Inset shows the level of clathrin
heavy-chain expression detected by immunoblotting of lysates from
RNAi-treated (Cla;) and nontreated (Ctl) HeLaM cells. Right,
HeLaM cells transfected (M) or not ([]) with the CHC RNAi plasmid
were incubated for 3 min at 37°C with ?°I-IFN-vy, and DRMs were
prepared. Radioactivity was counted and the amount of '*I-IFN-y
present in DRMs was expressed as the percentage of total cell
surface bound '*I-IFN-y. Results are representative of at least three
independent experiments.

2898

RNA Interference

RNA interference (RNAi)-treated cells were transfected with the pSuper
vector containing the human CHC RNAI oligonucleotide as previously de-
scribed (Saint-Pol et al., 2004). Cells were used 4 d after transfection.

IFNs, Antibodies, and Plasmids

Recombinant human IFN-a2b (specific activity of 108 U/mg) from Biosidus
(Buenos Aires, Argentina) was provided by J. Wietzerbin and IFN-vy (specific
activity of 2 X 10”7 U/mg) was from RDI (Flanders, NJ). Mouse anti-IFNAR1
monoclonal antibody (mAb) 64G12 and mAb 34F10 were as previously de-
scribed (Cajean-Feroldi et al., 2004), and mouse anti-IFNGR1 mAb GIR9%4 was
from Transduction Laboratories (Lexington, KY). Mouse anti-TFNAR1 mAb
AA3, a gift from Biogen (Boston, MA), and mouse anti-IFNAR2 mAb (RDI);
rabbit anti-Tyk2, and anti-Jak1 pAb (Cell Signalling, Beverly, MA); and rabbit
anti-Statl pAb and mouse mAb RC20-HRPO (Transduction Laboratories)
were used in immunoprecipitation experiments. Other antibodies were as
follows: rabbit anti-phospho-Statl (Tyr701) and anti-Statl pAb from Cell
Signalling Technology, rabbit anti-phospho-Stat2 (Tyr689) and anti-Stat2 pAb
from Upstate Biotechnology, mouse anti-clathrin mAb heavy chain (Trans-
duction Laboratories), and mouse anti-actin mAb AC-74 (Sigma, St. Louis,
MO). Tf-Cy5, Tf-Cy3, and the plasmid encoding the EH domain of GFP-Eps15
were as previously described (Lamaze et al., 2001). The plasmid encoding the
GFP-dyn2 (ba) K44A mutant of dynamin 2 was provided by M. McNiven.

Immunofluorescence and Endocytosis Assays

Endocytosis analysis by immunofluorescence was carried out as previously
described (Lamaze et al., 2001). Briefly, cells grown on coverslips were incu-
bated on ice with the corresponding anti-IFN-R subunit mAb and/or Tf-Cy5
for 40 min. The cells were washed and incubated at 37°C in the presence of
1000 U/ml IFN-« or IEN-y for the indicated time. The antibody-receptor
complexes remaining at the cell surface were eliminated by incubating the
cells in ice-cold ascorbate buffer at pH 4.5 for 30 min. Cells were washed,
fixed, and permeabilized. Antibody/IFN-R subunits that had undergone
endocytosis were revealed with a rabbit Cy3-conjugated anti-mouse pAb
(Jackson ImmunoResearch, West Grove, PA). Coverslips were mounted and
the cells were imaged with an epifluorescent Leica microscope or a confocal
Leica SP2 microscope (Deerfield, IL; Figure 1B, right panel). The rate and
extent of IFNAR1 and IFNGR1 endocytosis were measured by avidin inac-
cessibility as previously described (Vieira et al., 1996). For IFNGR1, a biotin-
ylated-GIR94 mAb was used (PharMingen, San Diego, CA). For IFNARI,
64G12 mADb was biotinylated using 3.8 ug of NHS-SS-Biotin (Pierce, Rockford,
IL). Serum-starved cells were detached from plates with 2 mM phosphate-
buffered saline (PBS)/EDTA, and 1.5 X 10° cells were incubated with 5 pug/ml
biotin-GIR94 or biotin-64G12 for 30 min on ice. After washing, cells were
incubated at 37°C in the presence of 1000 U/ml IFN-«a or IFN-y for the
indicated times, and endocytosis was stopped by cooling to 4°C. Surface-
bound biotin-mAbs were quenched with an excess of avidin, which was then
neutralized with biocytin. Cells lysates were loaded on ELISA plates coated
with rabbit anti-mouse IgG pAb. Free biotin-GIR94 and biotin-64G12 anti-
bodies corresponding, respectively, to IFNGR1 and IFNAR1 subunits that had
undergone endocytosis were detected with streptavidin-HRP (Roche).

Radiolabeling and Scatchard Analysis

IFN-a2b (Imgenex, San Diego, CA) and IFN-y (RDI) were radiolabeled with
iodine-125 using the chloramine T method as previously described (Lamaze et
al., 2001). Nonneutralizing mAb 34F10 and mAb GIR94 were iodinated using
the iodobead method following the manufacturer’s instructions (Pierce). The
apparent equilibrium dissociation constant, K, and the number of binding
sites per cell were measured by Scatchard analysis. Cells were detached with
2 mM PBS/EDTA, counted, and incubated for 2 h at 4°C with increasing
concentrations of '2°I-IFN-a2b, from 0.25 to 8 nM, and increasing concentra-
tions of '?°I-IFN-y, from 0.15 to 5 nM. Parallel '?I-IFN-a and '?°I-IFN-y
binding assays were carried out in the presence of a 200-fold excess of
unlabeled IFN-a and IFN-y to determine nonspecific binding. Cells were
washed three times, and pellets and washes were counted using a gamma
counter to quantify the respective amounts of bound and free ligand.

Preparation of Detergent-resistant Membranes

The amount of IFNAR1 and IFNGR1 subunits present in DRMs of the plasma
membrane was quantified by first incubating cells with iodinated antibodies
for 1 h at 4°C. These were then washed and incubated or not with 1000 U/ml
IFN-a2b or IFN-v for 3 min at 37°C. Alternatively, cells were incubated for 3
min at 37°C with 25I-IEN-a or '2°[-IFN-y. DRMs were prepared by fraction-
ation of Triton X-100 cell lysates on a discontinuous sucrose density gradient
as previously described (Lamaze et al., 2001). After ultracentrifugation, the
radioactivity present in each fraction was counted using a gamma counter.
Surface IFNGR1 subunits associated with DRMs were immunoprecipitated
by incubating cells at 4°C with mAb GIR94. These were then washed and
stimulated or not with IFN-vy for 3 min at 37°C. DRMs were prepared and
each gradient fraction was solubilized by incubation with 1% Triton X-100
and 2% BSA for 15 min at 37°C. All DRM fractions (3-4), and two-fifths of the
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soluble fractions (9-10) were pooled separately and incubated with protein
G-Sepharose (Amersham, Arlington Heights, IL) for 2 h at 4°C. The immu-
noprecipitates were resolved by SDS-PAGE and analyzed for phospho-ty-
rosine residues and IFNGRI1 subunits by Western blotting. When indicated,
cells were treated for 30 min at 37°C with filipin (5 ug/ml; Sigma) before
stimulation with IFN-y and maintained during the incubation with mAb
GIR94 at 4°C.

IFN-induced Stimulation of Stat

Cells were grown in 0.5% FBS medium for 24 h and then in serum-free
medium for 30 min before the experiment. Cells were treated with or without
1000 U/ml IEN-a2b or IFN-vy at 37°C for the indicated times. For biochemical
analysis, cells were washed with PBS at 4°C and lysed in SDS sample buffer.
Total lysates were resolved on SDS-PAGE and analyzed by Western blot/
ECL. For immunofluorescent analysis of Statl nuclear translocation, cells
grown on coverslips were treated with IFN and fixed with cold methanol at
—20°C for 10 min. After washing with cold PBS, cells were incubated with
primary anti-phospho-Statl antibody overnight at 4°C, and antibody binding
was revealed by incubation with a FITC-conjugated goat anti-rabbit second-
ary antibody (Jackson ImmunoResearch).

Nuclear and Cytoplasmic Fractions Preparation

Cytoplasmic and nuclear extracts were prepared from cells treated with or
without IFN-a2b or IFN-y for the indicated times. Cells were washed with
ice-cold PBS and lysed in 0.5% Triton X-100/PBS on ice containing soybean
trypsin inhibitor (5 ug/ml), leupeptin (5 ug/ml), and benzamidin (1.75 ug/
ml). Cells were centrifuged at 3000 rpm for 10 min, and the supernatant (C)
and the pellet (N) fractions were collected. Equal amounts of protein from
each fraction were used for SDS-PAGE and Western blot/ECL analysis.

Plasma Membrane Isolation

Plasma membranes were isolated using a cationic colloidal silica-based tech-
nique adapted from Stolz et al. (1999). Dynamin K44A expression was in-
duced or not in cells, which were then treated or not with IFN-a2b or IFN-y
by incubation for 3 min at 37°C. Cells, 20 X 10°, were mechanically lysed,
mixed with Nycodenz (50% final,) and overlaid on 0.5 ml of 70% Nycodenz in
a SW55 centrifuge tube (25 min at 20,000 X g). The silica content in the pellet
and the 50-70% interface were collected and washed, and equal amounts
were immunoblotted for phospho-Statl and Statl. Lysates and isolated
plasma membranes were assayed for total protein content (Bradford), the
plasma membrane marker alkaline phosphodiesterase (APDE), the lysosomal
marker B-hexosaminidase (beta-hex), and the Golgi marker mannosidase
(Manno). Results were expressed as the increase in enrichment of the different
markers present in the isolated plasma membrane fractions versus total cell
lysate.

Immunoprecipitations

Dynamin K44A mutant expression was induced or not in 3 X 10° dynamin
HeLa cells, which were then lysed in RIPA buffer. Cell lysates were centri-
fuged at 3000 rpm for 10 min, and the supernatant was incubated overnight
at 4°C with the indicated antibody. Protein A-Agarose beads were added at a
1:10 ratio (vol/vol) and incubated for 2 h at 4°C. After washing, the beads
were resuspended in SDS sample buffer, and the immunoprecipitate proteins
were resolved on SDS-PAGE and analyzed by Western blot/ECL. Immuno-
blots were quantified from appropriate exposures using the NIH Image
software.

Luciferase Reporter Assay

HeLaM cells were transfected with the ISG54-luciferase construct (0.5 ug),
provided by S. Pellegrini, or the pGAS-TA-luciferase construct (0.5 ug),
provided by Y. Gaudin, and cotransfected with the empty pcDNA vector
(mock) or dynamin K44A (1 ug) using Lipofectamine 2000 (Invitrogen). After
48 h, cells were treated with 1000 U/ml recombinant IFN-a2b, or IFN-vy for
8 h. Luciferase activity was quantified in cell lysates using a luminometer
(Lumat LB9501, Berthold, Wildbad, Germany), and results were expressed as
the percentage of total activity measured in control (mock-transfected) cells.

Antiviral Assay

The antiviral assay was carried out as previously described using a cytopathic
effect reduction assay with a vesicular stomatitis virus (vsv) at a multiplicity
of infectivity = 0.1-1.6 (Rubinstein et al., 1981). Control and CHC RNAi-
treated cells (2 X 10, Cla;) or 1.8 X 10* dynamin HeLa cells, in which K44A
mutant expression was or was not induced, were grown on a microtiter dish
overnight. Cells were treated for 24 h with 1:2 serial dilutions of a 2000 U/ml
starting concentration of IFN-a2b, or IFN-v, as indicated, and the virus was
added for 24 h. Cells were stained with crystal violet, and the absorption at
595 nM was measured. The results are given as a function of serial dilutions
of TFN.
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Table 1. Scatchard analysis of HeLaM and HeLa dynamin cells

IFN-« IFN-y
No. of No. of
Ky (nM)  sites/cell Ky (nM)  sites/cell
HeLaM 2.47 7,630 0.79 26,550
HeLaM Cla; 2.64 11,010 1.13 54,920
HeLa dyn 2.35 1,990 0.08 7,110
HeLa dynK44A 2.80 2,520 0.14 10,140

HeLaM cells were transfected (Cla;) or not with the clathrin heavy-
chain RNAi plasmid, and HeLa dynamin cells were induced or not
for dyn K44A expression. Binding assays of '*°I-IFN-a and
125T-IFN-y were done in duplicate as described in Material and
Methods.

Antiproliferative Assay

The antiproliferative activities of IFN-a and IFN-y were analyzed in control
and CHC RNAi-treated HeLaM cells according to the MTT assay as previ-
ously described (Vieira et al., 1996).

RESULTS

The Role of Lipid Microdomains and Clathrin in the
Uptake of IFNGR Complexes

Few studies have investigated the distribution of IFN-Rs at
the plasma membrane. Previous studies showed that some
gold-labeled IFN-« and IFN-y could be found in clathrin-
coated pits in B lymphocytes (Zoon et al., 1983; Filgueira et
al., 1989), whereas more recent studies have shown that
IFNAR and IFNGR complexes were associated with raft-
type membrane microdomains in lymphocytes and epithe-
lial WISH cells (Takaoka et al., 2000; Subramaniam and
Johnson, 2002). We aimed to evaluate the relative contribu-
tion that each of these two processes plays in the uptake of
activated IFN-Rs. We first analyzed the distribution of
IFN-Rs at the plasma membrane in HeLaM cells, an HeLa
cell line that responds fully to IFN-a and IFN-vy stimulation
(Tiwari et al., 1987). Scatchard analysis showed that HeLaM
cells expressed large amounts of IFNGR and IFNAR com-
plexes (Table 1). Cells were incubated at 4°C with nonneutral-
izing iodinated antibodies against the extracellular domain of
IFNGR1, lysed with Triton X-100, and then centrifuged
through discontinuous sucrose gradients. This biochemical as-
say allowed to collect DRMs, which were found in fractions
that were positive for the lipid raft marker glycosphingo-
lipid GM1 (Figure 1A). At steady state, ~10% of the total
pool of IFNGRI1 subunits present at the plasma membrane
were found in DRM fractions (Figure 1A). On receptor acti-
vation, we detected a significant association of IFNGR1 with
DRMs (30% of the total surface pool) as early as 3 min after
addition of IFN-vy at 37°C (Figure 1A). Nonspecific effects
due to antibody cross-linking were ruled out by directly
examining the association of surface receptor-bound IFN
with DRMs by incubating cells with iodinated IFN-vy for 3
min at 37°C. Again, we detected almost 40% of the total
surface bound '*°I-IEN-y in DRMs (Figure 1A). We found
similar results in Jurkat lymphocytes and in epithelial WISH
cells, ruling out cell type specificities (unpublished data).
A number of multichain immune receptors have been
found associated with DRMs, although the significance of
this remains unclear (Dykstra et al., 2001). Because IFNGR
complexes associate with caveloae-like microdomains, it has
been proposed that IFNGR complexes selectively under-
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went endocytosis through raft-type lipid microdomains
(Subramaniam and Johnson, 2002). Therefore, we aimed to
characterize the endocytic pathways followed by endoge-
nous IFNGR complexes in HeLaM cells in the presence of
IFN-y. We observed by immunofluorescence that at 4°C
IFNGR1 subunits were uniformly distributed in fine punc-
tate pattern on the cell surface (Figure 1B). We also observed
a similar distribution for IFNGR2 subunits (unpublished
data). Uptake of IFNGR1 subunits occurred after the tem-
perature was increased to 37°C, with subunits being seen in
many endocytic structures. After 40 min, we found IFNGR1
in a perinuclear endosomal compartment together with
cointernalized transferrin (Tf; Figure 1B).

We next tested the effect of molecular inhibitors that se-
lectively block clathrin-dependent uptake. We first investi-
gated Epsl15, a protein selectively required for the assembly
of clathrin-coated pits (Benmerah et al., 1998). As a control, Tf
endocytosis was blocked in cells transfected with a dominant
negative GFP-tagged mutant of Eps15 (Figure 1B, arrows). We
found that IFNGR1 uptake was completely inhibited in these
cells. We also blocked clathrin-dependent endocytosis by ex-
pressing a dominant negative mutant of the GTPase dy-
namin. This GTPase is required for detaching clathrin-
coated pits from the plasma membrane (Damke ef al., 1994).
In cells expressing the K44A dynamin mutant, Tf endocyto-
sis was inhibited together with IFNGR1 uptake (Figure 1B,
arrows). These data strongly suggested that endocytosis of
IFNGR complexes was mediated through clathrin-coated
pits. We then used a recently developed RNA interference
(RNAI) tool to down-modulate clathrin heavy-chain (CHC)
expression (Saint-Pol et al., 2004) to evaluate further the
contribution of the clathrin machinery in IFNGR uptake.
Immunoblotting showed that CHC RNAI treatment of the
cells led to 80% inhibition of CHC expression (Figure 1C).
Using a quantitative endocytosis assay, we measured <10%
of the normal IFNGR1 uptake after allowing endocytosis to
proceed for 20 min in CHC RNAi-treated cells, a residual
rate typical for nonspecific uptake through bulk-flow endo-
cytosis. Altogether, these results clearly demonstrate that
IFNGR complexes use the classical clathrin- and dynamin-
dependent endocytic pathway for their efficient uptake into
cells. We also found that the absence of functional clathrin-
coated pits at the plasma membrane had no effect on the
extent of IFN-y association with DRMs (Figure 1C), imply-
ing that the association of activated IFNGR complexes with
DRMs and their endocytosis through clathrin-coated pits
were separate events.

The Role of Lipid Microdomains and Clathrin in the
Uptake of IFNAR Complexes

Because HeLaM cells also expressed large amounts of IFNAR
complexes, we were able to analyze and compare the behav-
ior of IFNAR complexes within the same cell system. Cells
were incubated at 4°C with a nonneutralizing iodinated
antibody against the extracellular domain of IFNARI, and
DRMs were collected as described above. Under basal con-
ditions, we found that the amount of IFNAR1 subunits in
DRMs was the same as that for IFNGR1 subunits; that is,
10% of the total pool of cell-surface complexes. However,
unlike for IFNGR1, receptor binding by IFN-« did not in-
crease the association of IFNAR1 with DRMs (Figure 2A).
Likewise, incubation of the cells with iodinated IFN-« for 3
min at 37°C did not change the basal level of association
with DRMs. We never observed any increase in the associ-
ation of IFNAR complexes with DRMs after ligand binding
or anti-IFNAR1 antibody cross-linking in any of the different
conditions and cell types used (unpublished data). We next
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investigated the role of clathrin-dependent endocytosis in
the uptake of activated IFNAR complexes. Using the quan-
titative assay described above, we found that CHC RNAi
treatment strongly inhibited IFNAR1 endocytosis, with a
residual uptake level being close to background levels (Fig-
ure 2B). Consistent with the inhibition of clathrin-dependent
uptake, Scatchard analysis showed a twofold increase in the
number of IFNGR and IFNAR complexes present at the cell
surface of CHC RNAi-treated cells. Likewise, IFNAR and
IFNGR complexes were equally retained at the cell surface
of K44A dynamin-expressing cells (Table 1). The mAb
against IFNAR did not work for the immunofluorescent
detection of internalized IFNAR complexes in HeLaM and
HeLa dynamin cells. However, using mouse fibroblasts that
express larger amounts of human IFNAR1 and IFNAR2
subunits (Cajean-Feroldi et al., 2004), we observed clathrin-,
dynamin-, and Eps15-dependent IFNARI1 uptake by immu-
nofluorescence (Figure 2C). After allowing endocytosis to
proceed for 40 min at 37°C, we also found IFNARI1 in a
perinuclear endosomal compartment together with cointer-
nalized Tf (unpublished data). These results show that after
cell activation by IFNSs, there are major differences between
IFNAR and IFNGR complexes in their association with lipid
microdomains of the plasma membrane. However, both
complexes share the classical clathrin- and dynamin-depen-
dent endocytic pathway for their efficient uptake into cells.

Stat Activation Is Impaired in IFNAR Endocytosis-deficient
Cells

Previous work has suggested that IFNGR endocytosis and
IFN-v dependent signaling were independent events (Farrar
et al., 1991; Kerr et al., 2003). IFN-mediated signaling pre-
dominantly relies on tyrosine kinases of the Janus kinase
family that preassociate with IFN-Rs: Jakl and Tyk2 for
IFNAR, and Jak1 and Jak2 for IFNGR. The activation of these
kinases by IFN-a or IFN-vy leads to the phosphorylation of
IFNAR1 or IFNGR1 subunits, respectively, thereby creating
docking sites for the cytoplasmic transcription factor Statl.
On receptor recruitment, Stat1 is phosphorylated on Tyr-701
by Jakl or Jak2 (Taniguchi and Takaoka, 2001). IFN-« also
leads to the recruitment of Stat2 to IFNARI and to phos-
phorylation on Tyr-690, which is required for the binding of
Statl to Stat2 (Stark et al., 1998). Although the central role
played by Stat molecules in IFN-induced signaling is well
understood, the molecular mechanisms regulating the for-
mation and transport of activated Stat-signaling complexes
from the plasma membrane to the nucleus remain obscure
(Levy and Darnell, 2002). Therefore, we aimed to determine
whether lipid-based compartmentalization of IFN-Rs at the
plasma membrane and/or clathrin-dependent endocytosis
contributes to Stat-mediated IFN signaling.

In HeLaM cells, we detected Statl and Stat2 activation,
that is tyrosine phosphorylation, as early as 3 min after
IFN-a stimulation, which continued for up to 30 min (Figure
3A). We observed a similar behavior for Statl activation
after IFN-y stimulation. By contrast, in cells in where IFNAR
endocytosis was blocked by CHC RNAi treatment, Statl and
Stat2 tyrosine phosphorylation was strongly reduced after 3
min of stimulation with IFN-«, remained affected for 20 min,
and returned to control values after 30 min of IFN-« treat-
ment (Figure 3A). Unexpectedly, we found that Statl acti-
vation induced by IFN-y was normal in CHC RNAi-treated
cells (Figure 3A), even as early as 1 min after [FN-vy stimu-
lation (unpublished data). This ruled out different IFN-o—
and IFN-y-induced Stat1 kinetics as causing a lack of effect.
Similar effects were observed in CHC RNAi-treated WISH
cells (unpublished data). We also studied Stat-dependent
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Figure 2. Plasma membrane compartmental- B 5 IFNARI
ization and endocytosis of IFNAR1 com- =B
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37°C. DRMs were prepared, and the percent-
age of surface IFNAR1 subunits present in
DRMs was measured by the amount of radio-
activity counted in pooled DRM fractions. C
GM1 was detected by dot-blot with Cholera
toxin-HRP. Right, HeLaM cells were incu-
bated with ?°I-IFN-« for 3 min at 37°C, and
sucrose gradient fractionation was performed.
The amount of *’I-IFN-« present in each frac-
tion was expressed as a percentage of total cell
surface bound iodinated IFN-«. Results are
representative of at least three independent
experiments. (B) IFNAR1 endocytosis was
quantitatively measured in CHC RNAi-
treated HeLaM cells using avidin inaccessibil-
ity. (C) Epsl5 and dynamin are required for
endocytosis of IFNARI. L929RIR2 cells were
transfected with a plasmid encoding the GFP-
Eps15 mutant or the GFP-dyn2 (ba) K44A mu-
tant. In transfected cells (arrows), both Tf up-
take and the endocytosis of IFNARI were
inhibited. Scale bars, 10 pm.

signaling in HeLa dynamin cells as expression of the dy-
namin K44A mutant immobilizes the clathrin-coated pits
that are fully assembled at the plasma membrane (Damke et
al., 1994). After IFN-«a and IFN-vy stimulation, Stat1 and Stat2
tyrosine phosphorylation kinetics in control HeLa dynamin
cells were similar to those observed in HeLaM cells. In K44A
dynamin-expressing cells, IFN-a-induced Statl and Stat2
tyrosine phosphorylation was reduced to the same extent as
for CHC RNAi-treated cells. Again, we observed no differ-
ence between control and K44A dynamin-expressing cells
after IFN-y stimulation (Figure 3A). Altogether, these results
provide the first molecular evidence that endocytosis
through clathrin-coated pits is required to ensure the correct
activation of Statl and Stat2 by IFN-a. Although IFNGR
complexes are also internalized by clathrin-dependent en-
docytosis, the activation of Statl by IFN-vy is independent
from IFNGR endocytosis.

Blocking IFNAR Endocytosis Affects Statl Activation at
the Plasma Membrane

We next looked for the molecular defects responsible for
inhibiting Statl activation by IFN-« in cells in which clath-
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[ime (min)

I[FNARI

rin-dependent endocytosis had been blocked. Although
Scatchard analysis showed that the number of IFN-Rs
present at the cell surface increased after dynamin K44A
expression or CHC RNAI treatment, the affinity of IFNAR
and IFNGR complexes for their respective ligands was not
changed (Table 1). On average, HeLaM cells expressed four
times more IFNAR and IFNGR complexes at the cell surface
than dynamin HeLa cells, showing that differences in the
number of receptors did not influence the effect of endocy-
tosis inhibition on IFN signaling. We also studied the pool of
activated and nonactivated Statl present at the plasma
membrane. Coating the cells with cationic silica increases
the density of the plasma membrane allowing it to be iso-
lated by gradient centrifugation (Stolz et al., 1999). The
plasma membranes obtained under these conditions repre-
sented ~10% of the total cellular proteins and were, on
average, enriched sevenfold in the selective plasma mem-
brane marker APDE (Figure 3B). IFN stimulation and/or
expression of the dynamin K44A mutant did not effect the
purity and yield of isolated plasma membranes. We found
that Statl was already present in the isolated plasma mem-
branes before IFN-« or IFN-vy treatment. This was consistent
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with studies showing that Stat2, and possibly Statl, can
associate with the nonactivated, nonphosphorylated IFNAR
complexes before ligand binding (Li et al., 1997; O’Shea et al.,
2002). Stimulation of the cells with IFN-« or IFN-y did not
noticeably change the amount of Statl present on isolated
plasma membranes (Figure 3B). However, we observed a
marked decrease in the amount of tyrosine-phosphorylated
Statl in plasma membranes isolated from K44A dynamin-
expressing cells stimulated by IFN-a. The amount of acti-
vated Statl present in plasma membranes of K44A dynamin-
expressing cells was normal after IFN-vy treatment (Figure
3B), consistent with IFN-y-induced Statl activation being
independent of IFNGR endocytosis (Figure 3A). Therefore,
these results show that the inhibition of IFNAR endocytosis
primarily results in a defect of Stat tyrosine phosphorylation
at the plasma membrane rather than a defect in the amount
of Statl recruited to IFNAR complexes.

Statl and Stat2 activation relies on the activation, by
tyrosine phosphorylation, of the Jakl and Tyk2 tyrosine
kinases, which preassociate with IINAR2 and IFNAR1 sub-
units, respectively (O’Shea et al., 2002). In K44A dynamin-
expressing cells, tyrosine phosphorylation of Tyk2 and Jakl
was strongly reduced early in the activation with respect to
control cells (Figure 4, A and B). The tyrosine phosphoryla-
tion kinetics of Tyk2 and Jakl in K44A dynamin-expressing
cells corresponded to the tyrosine phosphorylation kinetics
observed for Statl and Stat2, suggesting that the reduced
activation of Statl and Stat2 in receptor endocytosis-defi-
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NoIFN IFN-o. IFN-y expressing (+) or not (—) K44A dynamin were

Ll Feadfaty DvnKddA - + - + o treated for 3 min at 37°C with or without 1000

807 ;:!:[:i ¥ — U/ml IFN-a2b or IFN-y as indicated, and
i N pStat! | || - plasma membranes were isolated by silica

coating. Left, the enrichment of the isolated
membranes in different selective enzymatic
markers of several cellular compartments in-
cluding alkaline phosphodiesterase (APDE),
B-hexosaminidase (beta-hex), and mannosi-
dase (Manno). Right, equal protein amounts
were analyzed in isolated plasma membranes
by Western blot/ECL for phospho-Statl and
Statl as indicated. Results are representative
of at least three independent experiments.

cient cells was due to the reduced activity of Tyk2 and Jakl
kinases. The similar association of Tyk2 with IFNAR1 and
Jakl with IFNAR?2 in both control and receptor endocytosis-
deficient cells (Figure 4C) ruled out a defect in the associa-
tion of the kinases with IFNAR complexes blocked in non-
functional clathrin-coated pits.

Blocking IFNAR Endocytosis Prevents Statl Nuclear
Translocation

We investigated whether IFNAR uptake inhibition would
also affect the nuclear translocation of activated Statl, the
endpoint of signaling within the Jak/Stat pathway
(Kisseleva et al., 2002). First, we used immunofluorescence
to visualize the nuclear translocation of activated Statl. In
cells in which receptor uptake was blocked, as shown by
inhibited Tf uptake, IFN-a did not induce nuclear trans-
location of Statl (Figure 5A, arrows). Although clathrin-
dependent endocytosis also mediated the uptake of IFNGR
(Figure 1, B and C), the nuclear translocation of Statl in-
duced by IFN-y was independent from the internalization
process. We also studied the pattern of Statl tyrosine phos-
phorylation in nuclear and cytoplasmic fractions isolated by
cell fractionation. In cells in which IFNAR uptake was in-
hibited by CHC RNAI treatment, we found a marked de-
crease in the amount of activated Statl in the cytoplasmic
fractions after 5 and 10 min of stimulation with IFN-« (Fig-
ure 5B, top panel). Likewise, we detected almost no activated
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IFNAR endocytosis controls the activation of Jakl and Tyk2. (A) Dynamin HeLa cells expressing (+) or not (—) the K44A mutant

were treated for 3 min at 37°C with or without 1000 U/ml IFN-a2b as indicated. Cell lysates were analyzed by Western blot/ECL for Tyk2
and phosphorylated Tyk2 (pTyk2) and for Jakl and phosphorylated Jakl (pJakl). Untreated cells are shown for control. (B) Immunoblot
images in A were quantified using the NIH Image software, and the ratio of the pTyk2 to Tyk2 and pJakl to Jakl signals were plotted to
normalize the degree of tyrosine phosphorylation to the total levels of Tyk2 and Jak1 kinases. (C) IFNAR1 and IFNAR2 were immunopre-
cipitated from dynamin HeLa cells expressing (+) or not (—) the K44A mutant and analyzed by Western blot for their association with Tyk2
and Jak1 kinases, respectively. Blots were stripped and immunoblotted for IFNAR1 and IFNAR2.

Statl in the corresponding nuclear fractions. Consistent with
previous results, the amount of activated Stat1 in the cytoplas-
mic and nuclear fractions of IFN-y-treated cells was identical
in both control and CHC RNAi-treated cells. Similar results
were obtained in dynamin K44A-expressing cells (Figure 5B,
bottom panel).

IFN-vy Early Signaling Correlates with the Association

of IFNGR Complexes with DRMs

Several recent reports have shown that lipid-based compart-
mentalization may play a key role in the initial steps of
signal transduction by immune receptors (Dykstra ef al.,
2003). Therefore, we wanted to determine whether the in-
creased association of IFNGR complexes with DRMs upon
IFN-vy treatment was coupled to IFN-y—mediated signaling.
As shown above, IFN-vy binding increased the amount of cell
surface IFNGR1 subunits in DRM fractions (Figure 5C). We
analyzed whether DRM-associated IFNGR was part of an
active signaling complex by probing cell surface IFNGR1
immunoprecipitates for tyrosine phosphorylation, which is
an initial signaling event that couples activated IFNGR com-
plexes with Statl activation (Schroder et al., 2003). Indeed,
after IFN-vy treatment, we found that most of the tyrosine
phosphorylated IFNGR1 subunits were present in DRM
fractions (Figure 5C). Filipin, which destabilizes the integrity
of lipid microdomains through membrane cholesterol se-
questration (Simons and Ikonen, 1997), prevents IFNGR1
subunits from associating with DRMs, with most being re-
covered in the soluble fractions from the gradient centrifu-
gation. Under this condition, we observed almost no ty-
rosine phosphorylated IFNGR1 subunits present in the
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soluble fractions. Altogether, these results indicate that ini-
tiation pathways of IFNGR signaling may be assembled and
activated in specialized plasma membrane microdomains,
independent from IFNGR uptake through clathrin-coated
pits.

Gene Transcription and Biological Responses Induced by
IFN-« But Not IFN-y Are Impaired in Cells Defective for
IFN-R Endocytosis

Finally, we investigated whether the early reduction of Statl
and Stat2 activation observed in receptor endocytosis-defi-
cient cells could alter later signaling events such as gene
transcription induction and the onset of biological re-
sponses. The transcription of IFN-a-stimulated genes (ISGs)
depends on the binding of ISGF3 to IFN-stimulated response
element (ISRE). ISGF3 is a multimeric transcription factor
composed of phosphorylated Statl and Stat2 associated with
p48 (IRF-9). We analyzed the transcription of ISRE element—
containing genes by cotransfection of HeLaM cells with the
dynamin K44A mutant and an ISRE-luciferase reporter con-
struct. The transcriptional activity of HeLaM cells trans-
fected with dynamin K44A was reduced by 50% 8 h after
stimulation with saturating concentrations of IFN-« (Figure
6A). Gene transcription induced by IFN-vy stimulation occurs
preferentially through the formation of phosphorylated
Statl homodimers that bind to the GAS elements of target
genes. Using a GAS luciferase reporter construct, we found
that, unlike for IFN-e, the inhibition of receptor endocytosis
in K44A dynamin-expressing cells did not affect IFN-y-
inducible gene transcription (Figure 6A). It is known that
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Figure 5. IFN-R endocytosis is required for IFN-a but not IFN-vy late signaling. (A) Analysis of the nuclear translocation of Statl. HeLaM
cells were treated with the CHC RNAIi plasmid (Cla;) or transfected with a plasmid encoding the GFP-tagged dynamin K44A mutant as
indicated. Cells were treated for 5 min with 1000 U/ml IFN-a2b or IFN-y and fixed, and the nuclear distribution of phospho-Statl was
detected by immunofluorescence. Cy3-Tf was cointernalized for 5 min at 37°C to indicate cells inhibited for receptor endocytosis (arrows). Scale
bar, 10 um. Results are representative of at least three independent experiments. (B) Top, HeLaM cells were transfected (+) or not (—) by the CHC
RNAI plasmid (Cla;) as indicated. Bottom, dynamin HeLa cells were induced (+) or not (—) for the expression of the K44A mutant as indicated.
Cells were treated with 1000 U/ml IFN-a2b or IFN-vy at 37°C for 5 and 10 min. After centrifugation, supernatant (C for cytoplasmic) and pellet (N
for nuclear) fractions were collected, and equal amounts were immunoblotted for phospho-Statl and Statl, as indicated. Untreated cells are shown
for control. (C) Using mAb GIR94, IENGR1 complexes were immunoprecipitated from the surface of HeLaM cells after treatment or not with IFN-y
and incubated or not with filipin, as indicated. Immunoprecipitates were recovered from DRMs and soluble fractions and resolved on SDS-PAGE
analysis as described in Materials and Methods. IFNGR1 immunoprecipitates were immunoblotted for activated IFNGR1 (p-Tyr) and IFNGR1
subunits. Statl was immunoprecipitated from soluble and DRM fractions and immunoblotted for tyrosine phosphorylated Statl (pStatl).

IFN-v is also able to activate the transcription of ISRE el-
ement-containing genes, although to a lesser extent. Again,
the level of gene transcription activity was normal in K44A
dynamin-transfected cells.

We then investigated whether the dysregulation of Stat-
dependent signaling caused by the inhibition of IFNAR
uptake would also affect the characteristics of the biological
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responses induced by IFN-a. First, we monitored the induc-
tion of IFN-dependent antiviral activity using a classical
cytopathic assay. In control HeLaM and Hela dynamin
cells, IFN-a or IFN-y were highly efficient at protecting
against cell death induced by a vesicular stomatitis virus
infection, with 50% protection at treatments as low as 2
U/ml IFN-a and 25 U/ml IFN-vy (Figure 6B). By contrast,
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Figure 6. Gene transcription and biological responses induced by IFN-« but not IFN-vy are impaired in cells defective for IFN-R endocytosis.
(A) HeLaM cells were cotransfected with the ISG54-luciferase or the pGAS-luciferase reporter constructs and the dynamin K44A plasmid.
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IFN-a-induced antiviral activity was strongly reduced in
cells in which IFN-R endocytosis was inhibited by either
CHC RNAI treatment or dynamin K44A expression. We
were unable to achieve a full antiviral response in cells
expressing the dynamin K44A mutant even at IFN-a doses
of up to 2000 U/ml. Although IFN-R endocytosis-defective
cells did not respond to IFN-c, their antiviral activity re-
mained intact after treatment with IFN-y. We observed sim-
ilar effects in WISH cells transfected with K44A dynamin
(unpublished data). We then explored the impact of IFN-R
endocytosis on controlling cell growth. As expected, IFN-a
and IFN-y showed strong antiproliferative effects, with
treatments of 1000 and 100 U/ml IFN-q, respectively, reduc-
ing the growth rate of HeLaM cells by 45 and 15% (Figure
6C). CHC RNAI treatment reduced the IFN-a-induced an-
tiproliferative activity by 50%. Under the same conditions,
IFN-y-inducible growth inhibition was not affected.

DISCUSSION

It is important to understand how specificity is maintained
among the different signaling pathways propagated by mul-
tiple cytokine receptor complexes through limited and com-
mon downstream effectors (Levy and Darnell, 2002; Shuai
and Liu, 2003). This is particularly relevant for type I and
type II IFNs as they represent a family of 18 closely related
molecules that bind to only two receptor complexes, IFNAR
and IFNGR, transmitting their signal through the Jak/Stat
cascade. Although it is now known that receptor endocyto-
sis can control the activation and propagation of signaling
responses (Ceresa and Schmid, 2000; Di Fiore and De Camilli,
2001; Wiley and Burke, 2001; Sorkin and Von Zastrow, 2002; Le
Roy and Wrana, 2005), the molecular regulation of IFN-R
endocytosis, and thus its role in IEN signaling, have not been
investigated. We used different and selective approaches
to inhibit receptor endocytosis, to show that IFNAR and
IFNGR complexes are both internalized by a classical clath-
rin- and dynamin-dependent endocytic pathway. Based on
studies with IFNGR, it had been assumed that IFN-R signal-
ing and trafficking were independent events (Farrar ef al.,
1992; Kerr et al., 2003). However, we showed that clathrin-
dependent endocytosis of activated IFNAR complexes is
required for Stat-dependent signaling and for the biological
responses induced by IFN-a.

Although further studies of the precise mechanisms by
which clathrin-dependent endocytosis regulates IFN-a—in-

Figure 6 (cont). After 48 h, cells were treated with 1000U/ml
recombinant IFN-a2b or IFN-y for 8 h. Luciferase activity was
quantified in cell lysates and expressed as the percentage of total
activity measured in mock plasmid-transfected cells. The experi-
ments were performed at least three times. (B) The antiviral re-
sponse was analyzed by using a cytopathic effect reduction assay in
cells infected with vsv. Top, HeLaM cells were transfected () or
not (M) with the CHC RNAI plasmid (Cla;). Bottom, dynamin HelLa
cells were induced ([J) or not (M) for dynamin K44A mutant ex-
pression. Cells were treated for 24 h with 1:2 serial dilutions of a
2000 U/ml starting concentration of IFN-a2b or IFN-vy as indicated,
and vsv was added for 24 h. Cells were stained with crystal violet,
and absorbance at 595 nM was measured. Results are the means of
three independent experiments and are represented as a function of
serial dilutions of IFN. (C) HeLaM cells transfected ([]) or not (H) by
the CHC RNAI plasmid (Cla;) were starved for 24 h and incubated
with 1000 or 100 U/ml IFEN-a2b or IFEN-vy for 72 h. Results are the
means of two independent experiments and are expressed as the
percentage of growth inhibition in cells treated with IFN in com-
parison to nontreated cells.
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duced Stat signaling are needed, we suggest several possi-
bilities. Pioneering studies on the EGF-R have led to the
concept of “signaling endosomes” from which signal trans-
duction continues after being initiated at the plasma mem-
brane (Vieira et al., 1996; Miaczynska et al., 2004). This model
suggests that IFINAR endocytosis would regulate the deliv-
ery of activated receptors and associated molecules, such as
Statl and Stat2, to endosomes to propagate signal transduc-
tion. This model was recently proposed for the activation of
Stat3 by EGF as activated Stat3 was found in clathrin-de-
rived vesicles present in the perinuclear region, and the
inhibition of EGF-R endocytosis blocked Stat3-dependent
nuclear translocation and gene transcription but not Stat3
tyrosine phosphorylation (Bild et al., 2002). It is therefore
unlikely that this model describes IFN-a—dependent Stat
activation because Statl and Stat2 tyrosine phosphorylation
was strongly reduced in endocytosis-deficient cells, and ac-
tivated Statl and IFNAR complexes were not found in en-
docytic vesicles (unpublished data). Alternatively, clathrin-
coated pits may be required for organizing distinct signaling
platforms at the plasma membrane. This has been suggested
for G protein—coupled receptors in which trafficking and
signaling are coordinated by B-arrestins, scaffolding adaptor
proteins that bind to clathrin and activated receptors (Shenoy
and Lefkowitz, 2003). Although the Statl and Stat2 activation
defect observed in CHC RNAi-treated cells having no clath-
rin-coated pits favors such a model, it is inconsistent with
the decreased activation in K44A dynamin-expressing cells
of Tyk2 and Jakl kinases, showing that signaling was still
affected despite the presence of fully assembly clathrin-
coated pits at the plasma membrane. The early defect in Stat
activation we observed in plasma membranes isolated from
dynamin-inactivated cells suggests that clathrin-coated pits
may regulate over time the association and dissociation of
factors regulating the level of activation of IFNAR com-
plexes and associated signaling molecules recruited to clath-
rin-coated pits. Although these factors currently remain un-
identified, a recent study has shown that Jak/Stat signaling,
which is required for cell border migration in Drosophila
ovaries, was blocked in Shibire mutants, the fly homologue
of dynamin (Silver ef al., 2005). The overexpression of the
cytokine signaling suppressors SOCS 36E also blocked Jak/
Stat-dependent cell migration to the same extent in Drosophila.
SOCS is a family of negative feedback regulators of the
Jak/Stat pathway that block Jak or Stat function (Fujimoto
and Naka, 2003). Whether SOCS activity is coordinated with
the endocytosis of activated IFN-R needs to be established.
Further investigations, such as ultrastructural studies on the
localization at the plasma membrane of Tyk2, Jakl, and
other molecules of the IFNAR signaling complex, and mu-
tational analysis of the receptor subunits are needed to
determine more precisely the mechanisms of IFN-« signal-
ing control by receptor trafficking.

We found that although activated IFNGR complexes were
also internalized through clathrin-coated pits, IFN-y-in-
duced Statl signaling was not controlled by receptor endo-
cytosis. By focusing on the plasma membrane, we found a
major difference between the compartmentalization of acti-
vated IFNAR and IFNGR complexes. Although IFNAR and
IFNGR complexes did not associate with plasma membrane
DRMs at steady state, ligand binding to IFNGR but not
IFNAR resulted in the rapid association of a significant
amount of activated IFNGR complexes with DRMs. Whether
DRM association truly reflects a protein being present in a
lipid microdomain is still being debated (Munro, 2003).
However, recent live cells experiments combined with the-
oretical modeling suggest that raft-type lipid microdomains
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are highly dynamic nanometer-sized membrane domains
that can assemble into larger structures (Sharma et al., 2004).
Indeed, several studies have suggested that signaling events
at the plasma membrane may be mediated through func-
tional lipid-based clustering resulting in signaling molecules
engaging with cognate effectors in signaling platforms (Dykstra
et al., 2001; Harder and Engelhardt, 2004). The disruption of
lipid-dependent clustering by cholesterol sequestration
markedly reduced the tyrosine phosphorylation of the
IFNGR1 subunit, an early event upstream of Stat1 phosphor-
ylation, strongly suggesting that the integrity of these spe-
cialized lipid-based microdomains is essential for assem-
bling and initiating IFN-y—induced early signaling at the
plasma membrane. Remarkably, the inhibition of clathrin-
dependent endocytosis did not stop activated plasma mem-
brane IFNGR complexes from associating with DRMs, fur-
ther demonstrating that lipid microdomain-dependent
IFN-vy early signaling and IFNGR endocytosis through clath-
rin-coated pits are independent events.

As well as in immune receptor signaling (Dykstra et al.,
2003), lipid rafts may also play a role in endocytosis
(Johannes and Lamaze, 2002; Le Roy and Wrana, 2005;
Rajendran and Simons, 2005). The IL-2 receptor is the first
example of a cytokine receptor that is associated with DRMs
and internalized through a clathrin-independent process
(Lamaze et al., 2001). The TGEp receptor is another trans-
membrane receptor that is internalized through two distinct
routes: clathrin-dependent endocytosis and a caveolar raft-
associated pathway, each route being involved in distinct
signaling events (Di Guglielmo et al., 2003). The association
of IFNGR with DRMs has led to the suggestion that lipid
microdomains are selective sites of endocytosis of activated
IFNGR complexes (Subramaniam and Johnson, 2002).
Therefore, we tested whether, as well as a clathrin-depen-
dent uptake, a subpopulation of IFNGR complexes was also
internalized by a clathrin-independent uptake. Caveolae are
unlikely to play a role in IFNGR uptake because we ob-
served DRM association of activated IFNGR in Jurkat cells
having no caveolae (unpublished data). Also, the inactiva-
tion of dynamin, which mediates both clathrin-dependent
and caveolae/raft-dependent endocytosis (McNiven et al.,
2000), did not affect IFN-y-induced signaling, further sug-
gesting that IFN-vy signaling does not occur through clathrin-
independent endocytosis. Finally, we were able to detect
internalized IFNGR complexes associated with intracellular
DRMs after endocytosis from the plasma membrane in con-
trol cells, but not when clathrin-dependent endocytosis was
blocked (unpublished data). This showed that DRM associ-
ation of activated IFNGR complexes occurred before they
underwent endocytosis through clathrin-coated pits. We
also considered that IFNGR complexes are regulated as re-
cently described for the B-cell receptor. In this particular
case, activated receptor uptake occurred only when clathrin
was associated with DRMs and tyrosine phosphorylated
through a Src-family kinase (Stoddart et al., 2002). We found
no specific tyrosine phosphorylation of the clathrin heavy
chain by IFN-vy, nor did the selective Src family tyrosine
kinase inhibitor PP2 inhibit IFNGR complex uptake (unpub-
lished data). Altogether, these data demonstrate that the
association of activated IFNGR complexes with lipid mi-
crodomains is required for initiating and propagating IFN-
y-induced signaling at the plasma membrane, but not for
receptor uptake, which occurs through classical clathrin-
dependent endocytosis. This explains why, unlike for IFN-e,
IFN-vy signaling and biological activity were not affected by
the inhibition of receptor endocytosis.
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The alteration of the IFN-a—dependent long-term cellular
response was unexpected as inhibition of Stat activation was
transient and returned to control levels after 30 min.
Whether the recovery of Stat was due to slow bulk mem-
brane endocytosis or to an alternative signaling mechanism
will need further investigation. In agreement with published
data, our study shows that Stat activation by IFNs is maxi-
mal at 20-30 min and decreases quickly thereafter. Several
genes can be activated by IFNs at times below 15 min
(reviewed in Bach et al., 1997; Stark et al., 1998), and it has
been shown that the response to IFN-« is controlled by the
duration of stimulated Jak kinases activity (Lee et al., 1997).
Also, a Statl mutant that supports 20-30% normal transcrip-
tion did not cause growth restraint (Bromberg et al., 1996).
When IFNAR endocytosis is blocked, it takes at least 30 min
to restore normal levels of Jak kinases activity and Statl
phosphorylation. As a result, activated Statl is present in
insufficient amounts in the nucleus, and IFN-a-dependent
transcriptional activity is inhibited by 50% 8 h after IFN-«
stimulation. It is therefore likely that inhibition of IFNAR
endocytosis prevents the transcription of early activated
genes, some of which may be important to initiate full
antiviral and antiproliferative activities. It will be important
to test this hypothesis by correlating the kinetics of IFNAR
endocytosis inhibition with the kinetics of transcription of
early response genes that are specifically involved in the
antiviral and antiproliferative response to IFN-a. Initial
events in IFNAR trafficking and Statl activation are there-
fore critical to the onset of the Jak/Stat signaling cascade
that leads to gene transcription, because even a transient
perturbation of these early events can durably impair the
biological responses to IFN-a.

Although the role of lipid microdomains in IFN-y-depen-
dent biological responses cannot be directly investigated in
vivo, mice fed with omega-3 polyunsaturated fatty acids, a
diet known to alter the stability and the composition of lipid
microdomains in cell membranes, had defects in IFN-y-
induced Statl signaling and an impaired host resistance to
Listeria monocytogenes (Irons and Fritsche, 2005). Recently, it
has been shown that clathrin and raft-like microdomains
may cooperate to internalize some signaling receptors such
as the BCR or the EGF-R (Puri et al., 2005; Stoddart et al.,
2005). This shows the increasing variety and complexity of
the sorting events that originate at the plasma membrane
and that there is no longer a clear distinction between clath-
rin-dependent and -independent endocytosis (Johannes and
Lamaze, 2002). These studies highlight the need to under-
stand better the contributions of these processes to the acti-
vation and trafficking of signaling receptors. The plasticity in
the different endocytic pathways operating at the plasma
membrane may limit the amount of new information that
can be gained using classical quantitative endocytosis as-
says. Therefore, endocytosis studies will have to look at the
various signaling receptors whose signal transduction is less
flexible to reveal new regulations and to assess the func-
tional role of a given endocytic pathway.

Our study has provided new insights into the interplay
between plasma membrane compartmentalization, endocy-
tosis, and signaling for IFN-a and IFN-vy receptor complexes.
The differential regulation of Statl, a common downstream
effector of IFN-a and IFN-v, through receptor clathrin-de-
pendent endocytosis and lipid-based compartmentalization
at the plasma membrane reveals the contribution of receptor
sorting and trafficking to the signaling specificity of cyto-
kines and the regulation of their biological activity within
the Jak/Stat pathway.
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